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The authors examine the interlayer surface relaxations and surface energies for the low-index faces of fcc Ni,
Pd, Rh, Pt, Au, and Ir using the Naval Research LaborgtdRL) tight-binding(TB) method. We compare the
TB calculations, utilizing self-consistent charge transfer, with experimental measurements, density functional
theory (DFT) calculations, and semiempirical methods. We find that for these metals the NRL-TB method
largely reproduces the trends with respect to the exposed face and periodic table position obtained in DFT
calculations and experimental measurements. We find that the inclusion of self-consistency in the TB surface
calculations is essential for obtaining this agreement, as the TB calculations without it predict large first
interlayer expansions for many of these surfaces. We also examine the energetics and relaxations of the 2
X1 (011) missing row reconstruction for these metals. The TB method predicts that, in agreement with
experiment, Au and Pt undergo this reconstruction, while Ni, Pd, and Rh do not, but predicts the Ir ground state
structure to be unreconstructek 1, opposite to experiment. The interatomic relaxations of@id) missing
row structure for Pt, Au, and Ir are in good agreement with DFT calculations and experiment. Finally, we
analyze the bonding characteristics of these metals using a decomposition of the TB total energy over neigh-
boring atoms and angular momentum character.
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I. INTRODUCTION in good agreement with experiment or DFT calculations even
The tight-binding(TB) method—23 is becoming a reliable when the ground state is not bcc or fcc. This indicates high

method to accurately describe the structure, dynamics, ar‘}tiansferability. A molecular dynamics program has also been

electronic structure for systems of hundreds of atoms that arg€veloped at NRL utilizing this TB methdd. .
impractical for first-principles methods. In particular, inves- 1S paper evaluates the NRL-TB method for metals in

tigation of surface phenomena such as diffusion, the role ofhe sur_face environment. The NRL-TB method has not been
defects, islanding and growth can be calculated efficienthyfXt€nsively tested at surfaces. The surface presents a chal-
using TB methods. While semiempirical methods such as thi€"9€ for any method because, first, the atomic coordination
embedded-atom methbdEAM) have met with some suc- 'S much lower than in the bulk, and second, the atomic en-

cess in this regard for metals, or more generally the modifieé{'ronment Is very asymmetric, i.e., one sided. This makes the

Surface very different from the bulk environment to which
?Tb?‘dded ?t?m msthﬁ)d\/_lEAl\él)(iréb?Sond-ord?r typfet poten- these methods are typically fit. Some empirical methods,
lals for metals an semlcofn uc hr Aanomalies olten ap- - g ,ch a5 the surface embedded atom me(&EAM)* and
pear once one gets away from the atomic environment W, e MEAM model®® have employed surface properties as

which these potentials are fit. Furthermore, these methodsart of the fitting database. To date this has not been the case
cannot calculate electronic properties at all, thus questiongy the NRL-TB method. Our hope is that the underlying

concerning the surface density of states, the effects of surfagshysics of the method would yield applicability far beyond
states, or surface magnetism cannot be addressed by th&ggoriginal fitting database.

semiempirical methods. The TB formalism retains a form We examine the surface energies, interlayer separa-
closely resembling the underlying density functional theorytions, and (011) missing row reconstructions calculated
(DFT) underpinnings, including, e.g., angular forces that areby the NRL-TB method for the fcc metals Ni, Pd, Rh, Ir, Pt,
often introduced in amad hocmanner in other semiempirical and Au. While there exist a number of TB calculations
methods. Thus the TB method should be more extendable texamining electronic and magnetic structtfie® atomic
environments differing from those to which it was fit, i.e., it structure?’=2® and diffusio?’ for metal surfaces and
should be highly transferable. clusters?128-30tg our knowledge there exist no consistent
NRL has embarked on a program to develop highly transsurveys of the TB approximation for metal surfaces. Surface
ferable TB parametrizations throughout the periodic tablephenomena represent a potentially extremely rich area for the
Details of this program have appeared previotsi§Most  TB method, with possible application to surface magnetism,
of these parametrizations have been carried out for singléhe role of strain, and the formation and properties of self-
metal systems, but many have also been developed fassembled quantum dots. This present work is a first step in
alloys’ and semiconducto¥$including binary systems. By the direction of applying the NRL-TB method to these more
fitting the first-principles full potential linearized or muffin- complex problems. Many of these represent environments
tin augmented plane wavy@PW)'?2 DFT equations of state even more asymmetric and under-coordinated than those in
and band structures for fcc and bcc metals, the NRL-TBhe present study. Somewhege.g., small clustejscondi-
parametrizations typically yield structural energies, elastidions may be such that our TB method might break down. In
constants, vacancy formation energies, and strain propertigBis paper we restrict ourselves to judging the current
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NRL-TB method with certain surface phenomena. This willnetic state. Pd, Rh, Pt, and Ir are of interest as catalytic
give us a good idea on its transferability to less coordinatedurfaces. Rh exhibits possible surface ferromagnetfsih®®
structures. At some point tailoring the parameters to surfaceRh and Pd001) have anomalous interlayer expansion at the
and low coordination structures may become necessary turface’>3” Pt, Au, and Ir, unique among transition metals,
reliably predict certain surface phenomegsanall clusters, exhibit surface reconstructions on low-index fate& 44
structure of monolayers, ejc. We find that generally the TB method gives good agree-
We regard the present study as a prelude to more compléyent with experiment and DFT calculations. The agreement
problems. However, surface relaxation and reconstructiong typically somewhat better than that of the EAM or MEAM

have generated considerable interest in their own right. Exgithy regards to individual surface relaxation quantities.
tensive experimental investigations with low energy electro

diffraction (LEED),3*-*°low and medium energy ion scatter-

ing (LEIS, MEIS) 4142 and by other techniqu&“on these predicting the variations in the surface energies and inter-

metals have been taking place for over two decades. Thele?yer spac!ngs as one proceeds across the penodic table or
have also been extensively examined with the E&M? re- etween different surfaces of the same metal. In Sec. IV we
lated method#48 and the MEAM349-51providing testing discuss the reasons for success of the B r_nethod for these
grounds for these methods. Some 3EFand relatef? cal- surfaces. We calculate the neare_st-nelghbor in-plane and out-
culations exist as well. Where possible, we compare to DFPf-Plane bond strengths as predicted by the TB method for a
and experimental results. Despite extensive investigatioflumber of metals in thedtand 5l shells, and examine the
some phenomena still lack satisfactory explanation. The extends in thes-p-d bonding across these shells in the bulk
perimentally observed first interlayer expansion of(®1) and at the surface. The TB method here generally reproduces
(Ref. 35 and Pd001) (Ref. 37 is not predicted by DF24  the transition from a bonding to antibonding role tbstates

or any present semiempirica' methw7-48 The r0|e Of acCross these She”-s, thUS Conforming to the correct quantum
stress in accounting for the surface reconstructions of Au ignechanical behavior. The repression of distate antibond-

not yet clearly resolveff Also, the detailed structure of the iNg at the surface through increasepl attraction indicated

Ir(011) reconstruction is not cledt. The TB method may by our TB analyses is a likely mechanism for the surface
provide insight into these anomalies. reconstruction of the latedbmetals. Section V gives our

In Sec. Il of this paper we briefly review the NRL-TB concluding remarks. The main conclusion is that the TB
method?38We describe our calculation of the surface relax-method gives a good description of the surfaces of these fcc
ation and reconstructions using the NRL-TB code modifiedMetals and thus is transferable to the surface environment.

for charge self-consistenéy®* The non-self-consistent
. . Il. THE NRL TIGHT BINDING METHOD
NRL-TB method is about three orders of magnitude faster
than APW method8 The self-consistent TBSCTB) method We stress here that the NRL-TB method uses a nonor-

typically requires about 10 self-consistency iterations forthogonal TB Hamiltonian, which turns out to be crucial for
convergence in surface calculations, making it about two oréeletermining surface energies. Both the hopping and on-site
ders of magnitude faster than APW methods. While it is dif-parameters are bondlength and environment dependent, and
ficult to compare SCTB with EAM timings because of dif- the method is formulated in such a way so that the repulsive
ferent scaling with number of atoms and cell size, someotential used in the so-called “glue” methods is not re-
preliminary comparisons indicate that the EAM would be quired.
4-6 orders of magnitude faster than SCTB for problems with Details of the NRL-TB method are described else-
~100 atoms, but without electronic structure information. Inwhere?38 Parametrizations are available for over 35 ele-
Sec. Il we present the TB predictions for the interlayer sepaments including most metals. The parameters are fit to the
rations(including the role of self-consistengysurface ener- APW band structure and equation of state for fcc and bcc
gies and011) missing row reconstructions for Ni, Pd, Rh, Ir, structures, and give results in good agreement with APW
Pt, and Au. We compare our results to experiment, DFTpredictions for most other bulk propertié&.Programs for
EAM, and MEAM calculations. In our comparisons with the fitting the TB parameters, static total energy calculations, and
EAM and MEAM we include typical results. Many versions molecular dynamic§MD) are available through the Com-
of these and related models e&Isf®and surface results can mon HPC Software Support InitiativeCHSS) of the De-
vary substantially from model to model. Likewise, many dif- partment of Defense. Details on the use of the TB parameters
ferent types of DFT calculations exi@&.g., those using GGA and programs are available on the NRL-TB web site http://
versus LDA, those using all electron methods versus pseud@st-www.nrl.navy.mil/bind/. In its original form, the
potential methods, efcwith varying results. Again, the com- NRL-TB method has been tested in many ways including
parisons made are not exhaustive. We briefly indicate in ouelastic constants, vacancy formation and stacking fault ener-
tables the type of DFT calculation with which comparisonsgies, ductility and thermal expansion, with generally good
are made. agreement with experimeft Similar results are also seen
Although we have extended our TB method to handlefor binary compounds’®7tand semiconductors. In this work
ferromagnetisi¥? and developed TB parameters for ferro- we use the 16.5 a.u. cutoff for Pd, the paramagnetic param-
magnetic Ni, we consider paramagnetic Ni since at preser#terization for Ni, and the “99” version for Au used in Ref.
our TB code can only handle paramagnetic Ni self-13 (which was fit to simple cubic as well as to fcc and bcc
consistently. Additionally, EAN” and MEAM® calculations  structures All the other parameterizations are those de-
with which to compare are available only for the paramag-scribed in Ref. 3.
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To precisely understand particular surface phenomena, es- TABLE I. Interlayer separationad;; and surface energiegfor
pecially low coordinated systems such as clusters and mondhe low index faces of Ni as calculated by the NRL-TB, other
layers, it is often useful to fit TB parameters to small clustergnethods, and experimental measurements.
and surfaces. This procedure has been successful in partict=
lar in TB studies of H dynamics on Pd surfacEsand of Atom-Face NRL-TB DFT EAM MEAM Expt.
surface magnetism of Co monolayers and clustsir con- .
centration, however, is on the assessment of our present T%' (003
method for a range of surface phenomena for single crysté}dl2 (%)

-1.0 -3.6 -3.0¢ 25 -32+5-1+1f

fcc metals, with an eye toward more extended application té\dzs (%) 0.0 14 -04 01 0+1
metal surfaces. This study should indicate to what degree idss (%) -0.3 03 00 0.0

may become necessary to expand our database to fitting suycd/n?) 3.33 248 158 242 2.38
faces. . . Ni (011)

We carry out the calculation of the surface energies and g, , (o) 66 -102 -7.0¢ -3.1 8.7+ .8
surfa_ce relaxations utilizing the TB code modified for self- Adys (%) a4 3.2 18 3.9 3.0+.6
consistency. For the unreconstructed 1 structures we em- s (% 05 00 -10 -03 0547
ploy a unit cell consisting of 24 atomic layers and 13 vacané 34 (%) ' ' ) ' R
layers(between slabdor (111) surfaces, seven vacant layers AI/mP) 3.43 23P 173 237
for (001) surfaces, and nine vacant layers {011) surfaces. Ni (11D
We employ meshes of 200 speckapoints (20X 20x 1) for ~ Ady, (%) 1.8 -09 -19 27 -1.2+1.2
(001), 192(16X 24x 1) for (011), and 192(24X 16X 1) for  Adys (%) 0.3 00 00 0.1
(111). (The ratios of indices are roughly in proportion to the Ad,, (%) -0.1 0.0 0.0 0.0
lengths of the reciprocal lattice vectoréll atoms are com-  (3/np) 2.92 209 145 202

pletely relaxed using the conjugate gradient method, and
charge transfer is taken into account self-consistéhfiyin ~ “Local-spin-density-functional theorit SDF), ultrasoft pseudopo-
calculating the bulk energy per atom to be used in the surfacg"tialS(USP(Ref. 52. _ _
energy calculation for each face, we employ the same super-Cc@l-density approximatioLDA), full charge densityFCD) lin-
cell as the surface calculation, with the sakagoints, except S Muffin-tin orbitalSLMTO) (Ref. 61.
that the vacuum layers are filled. Emb.e.dded atom methd&AM) (Ref. 47.
d
To examine theg(011) 2X 1 missing-row reconstruction eg/l odified embedded atom metheMEAM) (Ref. 49.
; utherford backscattering spectroscq®BS) (Ref. 43.
we employ a 15""?‘3’” 21 cell. we flr_St carry out a bulk fLow-energy-electron diffractiofLEED) (Ref. 32.
calculation consisting of the above unit cell with no VaCUUMgE, b erimental determination for an average faRef. 73
layers. We use 43R points(12x 36 2) for this calculation.  n zgp (Ref. 33.
We simulate the unreconstructekd surface using a modi-
fication of the bulk unit cell with 16 additional vacuum lay-
ers and with 216k points (12X 36X 1) to get consistent polycrystalline sample¥;”® and are entered only for the
results to compare with the previous bulk calculation and001) face. Surface energies differ somewhat from those pre-
accurately determine the unreconstructed 11 surface en- Vviously calculatedl where neither self-consistency nor relax-
ergy. Finally we repeat the latter calculation, but with oneation were taken into account. The agreement with experi-
additional atom on the seventeenth layer to simulate theéent and DFT is still good. We now summarize the results
2X 1 missing row reconstruction. In this way we can get aand trends exhibited in the Tables I-VI. We will then illus-
very accurate determination of the surface energy differenctrate the important trends graphically.
between the reconstructed and unreconstructed phases. The TB results in Table | are for paramagnetic Ni. A
magnetic TB parametrization exists, but self-consistency has
not yet been built into the NRL-TB code when spin-
Ill. RESULTS dependent interactions are included. The DFT calculation
for the interlayer spacings does include spin dependence.
The results for Ni exhibits several trends that persist for most
Tables I-VI contain the main results for the TB predic- of these fcc metals(l) The surface energies are somewhat
tions of the surface energies and interlayer separaabove the DFT valueg@vhile EAM is usually too low. (2)
tions for the low-index faces of the fcc metals consideredThe interlayer spacind;, is less contractivéor more expan-
These tables give the first three interlayer separationsive) than the DFT resultgwhile EAM has too much con-
(Ad,5,Ad,3,Ad3,) and the surface enerdyy) for the (001),  traction). (3) The face-to-face and layer-to-layer variations in
(011, and(111) faces of Ni, Rh, Pd, Ir, Pt, and Au, respec- the interlayer spacings are close to those of DFT.
tively. Experimental results and results of DFT, EAf- In Table Il the “EAM” results for Rh are actually for the
cluding related methogisand MEAM calculations are also molecular dynamics/Monte Carlo effective medium theBry.
shown, where available. Tables Il and Il also give surfaceNo present theory accounts for the obsefvdidst interlayer
energies as predicted by other TB meth&d& Face-specific ~ e€xpansiond,;, for Rh(001), a discrepancy that persists to
experimental surface energies are not generally available; tHed001) as well. The TB surface energies are very close to
experimental points in the tables represent measurements ¢ime DFT results, whereas the interlayer spacings are slightly

A. Surface energies and relaxation for 1X1 surfaces
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TABLE II. Interlayer separationad;; and surface energiegfor the low index faces of Rh as calculated
by the NRL-TB, other methods, and experimental measurements.

Atom-Face NRL-TB B DFT EAM MEAM Expt.
Rh (001)

Ady, (%) -2.2 -33 -3¢ 0.0° -4.1 1.0+.¢
Ady3 (%) -0.2 -0.1 0.0

Adgy (%) 0.3

Y3/ mP) 3.08 348 308 312 2.80 2.88 2.60 2.5
Rh (011

Ady, (%) -4.9 -783 -9 -4.F -6.9+1.2
Ady3 (%) -1.0 2.1 0.5 1.9+1.0
Adgy (%) 2.7

Y3/ P) 3.18 3.7% 329 322 2.90 3.12 2.92

Rh (112)

Ady, (%) -1.0 -28 -1C -2.1 -1.6+.8&
Adys (%) -0.8 0.0

Adgy (%) 0.1

Y eling) 2.79 326 284 2.69 2.48 2.73 2.60

8 DA, full potential (FP)-LMTO (Ref. 53.

bGeneralized gradient approximatiéBGA) (Ref. 54.

®Molecular dynamics/Monte Carlo corrected effective medimid/MC-CEM) theory (Ref. 48.
IMEAM (Ref. 15.

€LEED (Ref. 35.

MTight-binding (TB) approximation(Ref. 28.

9Tight-binding (TB) approximation(Ref. 21).

PLDA, Korringa—Kohn-Rostoke(KKR) method(Ref. 57.

ILDA, FCD-LMTO (Ref. 61).

IMEAM (Ref. 50.

KExtrapolation of experimental data to 0 K—average féRef. 50.
ILEED (Ref. 36.

higher (less contractivethan experiment, whereas DFT errs surement on th¢l11) has a large errg2*
in the opposite sense from experiment. The agreement with The same caveat regarding reconstruction and comparison
experiment is generally better for the TB spacings than foiwith experiment holds for Pt as weTable V), except this
DFT, although we have no explanation for this. Two otherapplies to thg111) face as well. While the TB surface ener-
TB calculations for the surface energy are shévéf one of  gies agree fairly well with DFT, especially with regards to
which?! gives surface energies in close agreement withhe variation with face, the interlayer spacings are signifi-
NRL-TB and DFT. _ cantly different. All these comparisons are for the experi-
Table Il exhibits the same anomaly with respectl{oof  engally inaccessible 1 surfaces. The structure of the
the (001 face for Pd as occurs for RB01). Even the DFT  «yissing row” (011) reconstruction has been treated exten-
results, which are full-potential calculatiopisseriously un- sively both experimentalff*2 and theoreticall551.58 We

derestimate the experimental spacing. We will return to this, i\ see very good agreement between TB, DFT and experi-
point later when we discuss the figures. Overall, the NRL-TB ent when we considep11) reconstructioné

surface energies and interlayer spacings agree best with le? The above remarks concerning Pt largely pertain also to

for Pd of the metals studied. Also, the NRL-TB surface en- .
ergies are almost the same as the TB calculation of Ref. Zf.‘u (Table VD. Here, however, the TB AQ11) interlayer

In Table IV the agreement is good between the TB Irspacings are in good agreement with DFT. We will also see

surface energies and the full-potential DFT restié There ~ that the structure of th€011) missing row reconstruction is

is also reasonable agreement for (981) and (011) inter- N good agreement with DFT and experiment.

layer spacings between TB and DFWhich are pseudopo- We plot in Fig. 1 thg001) surface energy for the different
tential LDA).5® The main discrepancy is for the11) face metals to illustrate the trends between different metals and
where, typically, the TB predicts a slight expansion, whereaglifferent methods. The most meaningful comparison would
DFT predicts slight contraction. Th@01) and(011) surfaces be between our TB method results and DFT calculations.
of Ir reconstruct at absolute zero to room temperature, as dexcept for Ir, the DFT(001) surface energies are very close
the corresponding surfaces of Pt and Au, thus experiment® the experiments with polycrystalline samples. Since the
on the 1x1 are difficult to perform[Here, also, the mea surface energies of fcc metals usually follow the trend
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TABLE lIl. Interlayer separationdd; and surface energiegfor the low index faces of Pd as calculated
by the NRL-TB, other methods, and experimental measurements.

Atom-Face NRL-TB B DFT EAM MEAM Expt.
Pd (001)

Ady, (%) -2.0 -0.6 -4.9 2.0 3.1+1.9
Adys (%) 0.7 0.2 0.2

Adgy (%) -0.5 0.0

YJI/P) 1.85 1.78 2.22 2.33 1.37 1.66 2.00
Pd (011

Ady, (%) -5.4 -5.3 -11.2 -11.2 -6.0x2
Adys (%) 3.2 2.5 4.4 1.0+2
Adgy (%) 3.8 -0.6

Y3/ P) 2.02 2.00 2.39 2.23 1.49 1.67

Pd (111)

Ady, (%) -0.1 -0.P -3.2 -0.3 -0.9+1.%
Adys (%) 0.5 0.3 0.0

Adgy (%) 0.0 0.0

Y eling) 1.67 1.69 2.01 1.92 1.22 1.38

3 DA, FP-LMTO (Ref. 53.

PEAM (Ref. 47.

‘MEAM (Ref. 49.

dLEED (Ref. 37.

€Tight-binding (TB) approximation(Ref. 21).
fLDA, KKR (Ref. 57.

9LDA, FCD-LMTO (Ref. 61).
PEAM (Ref. 45.
iExperiment—average faq®ef. 73.
ILEED (Ref. 38.

KLEED (Ref. 34.

(011 > v(00D > (111, (1) Ir, and Au, respectively. The surface energy differences
) . ) ) among the three faces here arise mainly out of the differ-
this may not be surprising since in some sensg@) face  ences in the coordination of surface atoms, with1) the

would be the “average” face. The TB method does a googeast coordinatedfive missing nearest neighbordN)],
job reproducing the DFT results for variations in surface en{001) next (four missing NN, and (111) the most coordi-
ergy among different metals. The MEAM, likewise, repro- nated(three missing N\ This usually accounts for the trend
duces these trends rather well, whereas the EAM, as is wedf Eq.(1). The EAM almost always reproduces this ordering;
known, usually significantly underestimates surface enerthe DFT, TB, and MEAM results, however, occasionally de-
gies. However, there are many versions of the EAM andviate from this trend. For Ir the DFT result of Ref. 61 pre-
related method$SEAM,* glue model’* effective medium  dicts ¥(001) > y(011), while the DFT result of Ref. 57 yields
theory*®7 that give rather widely varying surface character-the usual orderingy(001) > (011). In this case TB gives
istics. While some of these methods are specifically fitted toy(001) > y(011). A similar disagreement in the two DFT
surface data, the EAM’s represented in Fig. 1 are not. Noteesult§”-%* occurs for Pd, with the TB method closely repro-
that the EAM cannot directly be applied to Ir because thisducing the face-to-face variations of Ref. 57. Overall, the TB
method is incapable of reproducing the negative Cauchy ramethod gives a better description of the DFT face-to-face
tio in the elastic constants that is experimentally observedyariation than the other semiempirical methods.
while the TB method does yield a negative Cauchy ratio.  Since the EAM is basically a spherically symmetric
Except for Ni, the TB(001) surface energies are within 25% theory, with covalent bonding described in an angle-
of the DFT predictions. The tendency is for the TB surfaceindependent way, the simple monotonic ordering with coor-
energies to be above the DFT results unlessdishell is  dination is expected. The MEAM has an angular dependence
almost completely filledPd and Ay, in which case the sur- that is fit empirically. The TB method has an underlying
face energies are slightly below the DFT values. The DFTbasis of atomic orbitals and a bonding-antibonding concept
and TB results are very close for Rh, Ir, and Au, with the (hopping integrals which the other semiempirical methods
maximum disagreement with DFT of 37% for Ni. do not have. This complicates the angular dependence and
To examine the trends between different faces we plot inthe dependence on coordination, but brings it into closer re-
Figs. 2-4 the face-dependence of the surface energies for Psemblance to density functional theory. Overall, we conclude
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TABLE IV. Interlayer separationdd;; and surface energiep  the methods, including DF¥,>predict the observé@3tfirst
for the low index faces of Ir as calculated by the NRL-TB, other interlayer expansion. Surface magnet&d’ 78 finite tem-

methods, and experimental measurements. perature effect&®’° and the role of repulsive-wave inter-
actions for nearly filledi-shell€4?>have been considered as
Atom - Face NRL-TB DFT EAM MEAM  Expt. possible reasons for the discrepancies, which have yet to be
resolved.
Ir (00D Overall, the TB method produces less interplanar contrac-
Ady; (%) -2.0 -3.8 -4.8 -3.6%5° tion (or more expansionthan DFT or experimenfwhereas
Adys (%) -0.4 1.0 the EAM produces more contractiprt has long been estab-
Ads, (%) 0.4 -05 lished that pallr_lnteratoryolc potentials lead to first interlayer
HI/1P) 308 37f 3.7% 2 o1 3.00 e_xpan5|or(p05|t|veAd12). T_he_ EAM, which |s_ma|nly sen-
sitive to the number of missing bonds, typically leads to
Ir (019 negativeAd;,. The TB method predicts relaxations of both
Ady (%) -11.7 -11.6 signs[for (001) and(111)], as does experiment. DFT, with a
Ady3 (%) 4.8 5.4 few exceptions, predicts a negatived;, that is slightly
Ads, (%) 1.0 -13 Iower: than th(TI experimental mehasurements. .
e The overall agreement with experiment and DFT is
Iyr(iifl)) 398 382 361 308 slightly better for TB than for the other methods, and signifi-
cantly better in metal-to-metal trends. The metal-to-metal
Ady, (%) 0.9 -13 -48 -26+45  rends reflect the roles of different orbital configurations on
Adys (%) -0.9 -0.2 the expansion or contraction of the interlayers. However, the
Ads, (%) 0.2 0.0 precise nature of these roles is very complex. For example,
WIImP) 345 3.0% 297 284 the sequences Rh-Pd and Ir-Pt-Au correspond to increased
_ : d-shell filling. The DFT and experimental measurements on
ZLDA, smooth, norm-conserving pseudopotenti@ef. 55. the (001) faces indicate increasindd,, along these se-
MEAM (Ref. 13. quences. Studies based on TB theory do, indeed, indicate that

°LEED (Ref. 34.

dLDA, KKR (Ref. 57.

€LDA, FCD-LMTO (Ref. 61.

fMEAM (Ref. 50.

9Extrapolation of experimental data to 0 K—average f@ef. 50.

the d-wave contribution to the relaxation force ¢@01) sur-

face atoms becomes repulsive when thehell is nearly
filled.?*2> A similar effect has also been suggested for
s-waves®! The metal-to-metal variations produced by the TB
method are similar to the experimental and DFT variations,
that the TB method predicts the face-to-face variations irexcept for Pt(011). We tentatively conclude that the TB
surface energy because of a realistic treatment of the angularethod describes the metal-to-metal relaxation trends be-
degrees of freedom and coordination. We will revisit thiscause it contains a realistic angular dependence, such as the
provisional conclusion when we consider surface relaxationtepulsived-wave feature fox001) surfaces.

In Figs. 57 we plot the interlayer relaxatidl,, for the Figures 8—11 show the interplanar spacing relaxatidy,
(001), (011), and (111 faces for the different metals and for the three low-index faces for Ni, Rh, Pd, and Au, respec-
methods. We also show the TB results when charge transfeiely. Except for the aforementioned experimental anoma-
to the surface is not handled self-consistenfyB-NSC). |ies for Rh and Pd001), and the MD/MC-CEM resut? for
Most of the TB-NSC results show unrealistically large inter-Rn(001) and (111), all methods and experimental measure-
layer expansions. Most of th@®11) results for TB-NSC are og]ents indicateAd;,(011) < Ad»(001) < Ad;(111), simply

not shown because they are off-scale with expansions orresponding to the least coordinated surface having more

0 .
more than 7%. The large effect of charge self consistency 0n'lterlayer contraction. The TB relaxations, while slightly less

interlayer spacings parallels its well-established importance :
in other TB investigations, originally demonstrated in thecontractlve than those of DFT, reproduce well the DFT face-

calculation of the properties of binary alldfsand surface to'fce r\]/arlanons. he d d ¢ del on diff
magnetisni’ Experimental points are also shown, with their _AnOther way to test the dependence of a model on ditfer-

size indicating the experimental error. All the methods, ex-€Nt coordination and geometric configurations is to examine
cept DFT, for Ni are for paramagnetic Ni, whereas in realityth® multilayer spacingadj. Fig. 12-15 give the multilayer
it is ferromagnetic. The Ir, Pt, and Au all have quasihexago-SPacings for th¢011) face of Ni, Au, Ir, and Pt, respectively.
nal low temperatur€001) reconstructions an(D11) missing ~ Figure 14 includes results for(001) as well, but here EAM
row reconstructions. Au and Pt11) surfaces have low tem- and MEAM results for the threAd;;’s are not available. For
perature reconstructions as well. The indicated experimentayli and Au(011) (Figs. 12 and 1Ball methods reproduce the
points are for the unreconstructeck 1 structures. As previ- trend Ad;,<Ad;,<Ad,3 seen in DFT and experiment. An
ously noted, where reconstruction occurs the experimentallteration in the sign ofd; is commonly observed in met-
measurements for theXl1 surfacé* may be difficult and als. A simple explanation Is that the first interlayer contracts
unreliable. We will consider in Sec. Il B the interatomic to help saturate the dangling bonds of the surface atoms,
relaxations of the Au, Pt, and {011) missing row structure, leading to an oversaturation of the second layer atoms that
where careful measurements have been mMédé** induces an expansion between layers 2 and 3, etc. The TB
The interlayer expansions of @01) and Ri001) have  method gives a quite good fit to the DFT interlayer spacings
also attracted a lot of attention over the past decade. None @i these two surfaces. The(0i1) TB interlayer spacings
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TABLE V. Interlayer separationdd;; and surface energiegfor the low index faces of Pt as calculated
by the NRL-TB, other methods, and experimental measurements.

Atom-Face NRL-TB DFT EAM MEAM Expt.
Pt (002)

Ady, (%) 1.5 -2.6 -4.% -6.9 -2.14 0.2+1.6
Adys (%) -0.5 0.3 0.6 0.2

Adg, (%) -0.4 0.0 0.0

YJI/P) 3.29 2.65 2.73 1.65 2.16 2.49
Pt (011

Ad;, (%) -5.7 -11.6 -14.8 -9.4 -17.6 -17.#

Adys (%) -25 5.4 8.3 3.0 2.1 8.8

Adgy (%) -0.3 -1.6 -1.0 -1.5 0.4

Y3/ P) 3.39 2.91 2.8% 1.75 1.99

Pt (112)

Ady, (%) 3.5 0.7 2.7 4.8 1.4 1.4+.@
Adys (%) 0.3 0.4 0.8 0.0

Adgy (%) -0.3 0.0 0.0

Y eling) 2.77 2.31 2.30 1.44 1.65

8GGA, ultra-soft pseudopotentialt/SP) (Ref. 15.

PEAM (Ref. 47.

°EAM (Ref. 45.

IMEAM (Ref. 49.

®LEED (Ref. 34.

fLDA, KKR (Ref. 57.

9LDA, FCD-LMTO (Ref. 61).

hExtrapolation of experimental data to 0 K—average f@Ref. 50.
ILDA, linear combination of atomic orbitald CAO) (Ref. 59.
IGGA, USP(Ref. 58.

(Fig. 14) are very close to DFT. The DFJ;; ordering for the  on top of the IX'1 surface, in which case these extra atoms
Ir(001) surface is not reproduced by TB, but the agreementan covalently bond with four nearest-neighbor atoms on the
for the individuald;’s is good. The agreement with DFT is topmost X 1 surface. The number of missing bonds per unit
not good for the RO11) surfaces. We will shortly reconsider area is the same for both thexIl and 2<1 missing-row

surface relaxation of the @L1) surface when we examine Structures. However, there are only half the number of the

its missing row reconstruction where experimental measurel-e,aSt (sevenfold coordinated atoms in the 21 structure.
ments are available. Since the nature of covalent bonding leads to a contribution

to the surface energy that is quadratic in the number of miss-
ing bonds!* the 2x 1 missing-row structure is energetically
favorable. Opposing this are the additional 20% missing at-
tractive second neighbors in the MR configuration. Thus the

Ir, Pt, and Au form ground state missing rowk2 recon-  stability of the MR structure depends on a competition be-
structions on their(011) surfaces. Although experimental tween first and second neighbor effects.
data for the correspondingX1 surfaces is largely lacking, Table VII gives TB, EAM, MEAM, DFT, and experimen-
data is available for the missing-row reconstructitfié?44  tal results, where available, for the atomic relaxations on the
The reconstructed surface relaxes inplane as well as vert2x 1 MR structure. In addition to the vertical relaxations
cally. Most of these relaxations have been measured experid;, the corrugation of the third layeh;, and the pairing
mentally as well as calculated in DFT°86061The relax- distances on the second and fourth laygssandp,, appear.
ations provide a further testing ground for the TB and othefThe reconstruction energyyr=v(MR)-y(1X 1), is also
semiempirical methods since they test geometries and coogriven. The experimental reconstruction energy is negative
dination combinations different than those of th& 1 sur-  for all three metals, i.e., MR is the stable phageor Ir, the
face. ground state may b&l X 1,N>2).4! The definitions of the

In a previous publication, one of the authgks.l.H.) has  corrugation and pairing parameters differ from reference to
given a simple explanation of the missing-rogMR) reference: Herdv; is defined as the difference in height of
reconstructiot? The 2x 1 MR reconstruction has a surface the highest and lowest atoms of layer 3, and the pairing
layer where only every other close-packdd (] row is oc-  distancesp, and p, are defined, for the second and fourth
cupied. This can be thought of as adding these alternate rowayer, respectively, as the change in the distance between the

B. Ir, Pt, and Au(011) missing-row reconstructions
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TABLE VI. Interlayer separationad; and surface energiegfor the low index faces of Au as calculated
by the NRL-TB, other methods, and experimental measurements.

Atom-Face NRL-TB DFT EAM MEAM Expt.
Au (001

Ady, (%) 1.7 -1.¢ -6.% -5.£ -5.¢

Adys (%) -0.4 0.1 15 1.2

Adgy (%) 0.1 0.0 -0.2

YJI/P) 1.31 1.62 1.68 0.92 1.12 1.59
Au (012)

Ady, (%) -10.3 -9.8 -15.2 -12.1° -18.0¢

Adys (%) 8.7 7.8 2.2 3.6 6.3

Adgy (%) -3.2 -0.8 -1.6 -2.0

Y3/ P) 1.40 1.75 1.70 0.96 0.99

Au (111

Ady, (%) 3.7 -0.B 4.2 -3.5 -3.4

Adys (%) -2.3 0.6 0.6 0.6

Adgy (%) -0.2 -0.1 -0.1

Y eling) 1.04 1.39 1.28 0.79 0.87

3 DA, FP-LMTO (Ref. 56.

PEAM (Ref. 45.

°EAM (Ref. 47.

IMEAM (Ref. 49.

€LDA, KKR (Ref. 57.

fLDA, FCD-LMTO (Ref. 61).

9Experimental determination — average faBef. 73.
ALDA (Ref. 60.

[110] rows centered directly below the missing row and thisin Poth the TB and the DFT results. The pairing distances of
distance in the X 1 structure. We have been careful to con- TB agree well with DFT and experiment. The very small
vert the results of other calculations and experiments to thed@@iring for I011) of DFT is reproduced by TB. Only the TB
definitions. third layer corrugation(bs) is overestimated for Ir and Au

The TB method reproduces the geometric trends of th€ompared to DFT. The experimental measurements, where
DFT and experimental measurements for the 2MR re-  available, follow similar trends to the DFT calculations, ex-
constructions. The only significant defect is the failure by acept for the very large first interlayer contraction for
very small amount to predict the MR phase dpit)) as the  Ir(011),* but this measurement is actually for a3 MR
ground state. The\d,, values follow the trend AsPt<Ir  reconstruction. The TB, DFT, and experimeniahs's agree

in sign, whereas the other semiempirical models give the

- ..@-- MEAM
(001) — = NRLTB —=—NRLTB
— —A— — EAM — - & - -EAM
[ DFT - Ref. 81 .. Pd [} DFT -Ref.61
50 _ A EXP A EXP
© DFT-Ref.57 —&—MEAM
40 - 2.6 <] DFT -Ref.57
24 _ . ——8—TB -Ref. 21
N’E 3.0 2.2 A °
%20 - < 297 . .
5 181
1.0 1 = 1.6 -
S,
0.0 - Ni Rh  Pd Ir Pt Au 14 T
1.2 1 TA
FIG. 1. Surface energies for tf{601) face as predicted by the 10 - 011 001 111

NRL-TB method, other semiempirical methodSAM, MEAM),

and density functional theory. All the numerical values in all the FIG. 2. The dependence of the surface energy on the exposed
figures are from Tables I-VI unless otherwise noted. The experiface for Pd as predicted by NRL-TB, semiempirical methods, and
mental values are polycrystalline averages. The Rh “EAM” result isSDFT. The experimental point is indicated for tf@01) face, but is

for the molecular dynamics/Monte Carlo corrected effective me-really for a polycrystalline surface. The TB results in Ref. 21 are
dium (MD/MC-CEM) of Ref. 48. also included.
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—m—NRL-TB <@ .- MEAM

Ir ® DFT- Ref. 61 S (001)
A EXP ® DFT-LDA
A EXP (LEED)
4.8 —e—VEAM 160 7 x Towsc
O DFT - Ref. 57 O DFT-GGA
4.4 X x
— 10.0 A
2 4.0
3 ° .
> 3.6 1 [ ] ;\? 5.0 A
3.2 1 _é!
M S Q00
2.8 A
2.4 - 011 001 111 5.0 -
FIG. 3. The dependence of the surface energy on the exposed

face for Ir as predicted by NRL-TB, MEAM, and DFT. The experi- -10.0 - Ni Rh  Pd Ir Pt Au

mental point is for a polycrystalline surface. ) ]
FIG. 5. The interlayer separations of the top two layers on the

wrong sign. Curiously, except faxd;,, the TB atomic relax- (001) surfaces as predicted by different methods and experimental
ations for Pt011) are closer to agreement with experiment LEED measurements. The interlayer separations are expressed as
than the DFT predictions. This is likely not attributable to thetheir deviations(Ad;,) from those in the unrelaxed bulk. The
inclusion of 16 layers in the TB calculation versus the inclu-"EAM” results for Rh are MD/MC-CEM calculationgRef. 48 and

sion of only eight in the DFT calculatioi¥,as we have car- the DFT results for Rh are from Refs. 83DA) and 54(GGA). The

ried out TB calculations of these relaxations for 7, 9, 11, 13TB results when charge self-consistency is not inclus-NSC)

and 16 layers with these relaxations being reasonably welf indicated.

converged even at seven layers. Neither is the use of only six. . . . .
Kk points(we use 215in Ref. 58 the source of any significant gies, relaxations, and reconstructions. Wg attribute this suc-
error as we examined the sensitivity of the TB results as 558 to the angular and bonding-antibonding degrees of free-

. . . . dom of this method that are missing in the other non-
function of the choice ok points. The maximum error due to Lantum-mechanical aporoaches. We now examine this
layer ork point truncation is about 1% for thad;’s, and q PP '

about 0.01 A for the lateral relaxation quantities. A remain-aSpeCt of the TB method more closely to assess how realis-

ing source of disagreement could be the different approximat-'ca"y it describes the interaction of atoms in the bulk and

. S surface environments. To do this we analyze the contribu-
tion schemes empl.oyed V\."th'n DHE.g., use of LAPW ver- tions to the energy from various terms of the TB method.
sus pseudopotential&as in Ref. 58 and treatments of The total energy of the system in the TB method is
exchange and correlation other than the Hedin and Lundqvisltr( H), wherep is the density matrix anth the Hamiltonian
prescription that we are usihtpetween those used to fit the It) ' h It)h d i f thi it b it
TB parameters and those used by other investigators in tHgatrx, where the decomposition of this quantity can be wri
referenced surface calculations. Moreover, the TB missing—en

row relaxations agree very well with DFT and experiment. E=Tr(pH) =D, [0)ijslH] s 2)

IV. DISCUSSION where the summation is over atom labglsand state labels
The results of the preceding section indicate that the TBv, 8, and implicitly includes an integral ovér as well. The
method gives generally reliable predictions of surface ener-

o1 --.@---MEAM
Au —&—NRL-TB 0.0 - ( ) __‘__Ei;TE
—-&--EAM 20 - .
[ ] DFT - Ref. 61 4.0 1 * X  TB-NSC
2.0 1 MEAM ) O DFT-GGA X
’ _60 -
9 A EXP 2\0, 80
o DFT - Ref. 57 &
1.5 - A 7 71001
«— -12.0 1
E -14.0
= -16.0 A
1.0 4 -18.0 A
-20.0 - Ni Rh Pd Ir Pt Au
0.5 - 011 001 111 FIG. 6. The interlayer separations of the top two layers on the

(011) surfaces as predicted by different methods and experimental

FIG. 4. The dependence of the surface energy on the exposddEED measurements. The interlayer separation notation and the

face for Au as predicted by NRL-TB, semiempirical methods, andremarks about Rh EAM results and TB-NSC results are the same as
DFT. The experimental point is for a polycrystalline surface. in Fig. 5. GGA results also appear for Rh and Pt.
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-..@---MEAM Rh —B—NRLTB
(111) —8—NRLTB ® DFT-IDA
10.0 i
g «--A- - - MD/MC-CEM
50 X A b ---@---MEAM
- X X  TB-NSC 5.0 - A EXP
60 « X O DFT-GGA
& 40
N
S 20- _ 007
X
0.0 ]
-]
207 ¥ 50
4.0 .
-6.0 -
O
-10.0 -

FIG. 7. The interlayer separations of the top two layers on the
(111 surfaces as predicted by different methods and experimental
measurements. The open circle for Pt is the GGA result. The inter-

011 001

111

FIG. 9. The interlayer separations of the top two layers for the

layer separation notation and the remarks about Rh EAM resultg,.-index faces of Rh as predicted by different methods and experi-

and TB-NSC results are the same as in Fig. 5.

expression for the Hamiltonian matrix is given in Eg) of
Ref. 8. We define an effective bond energy between nearest
neighbor(NN) atomsi and | from statesa and 8 as the

mental measurements.

corresponding contribution to Eq2). We have calculated Pd o

these individual contributions for both the bulk and for the ---A---EAM

(001) surfaces. 80 - T e
Figure 16 gives the effective bond energy contributions to '

the bulk systems of the fcc metals we have investigated. We 4.0 -

also include TB calculations for Mo and W to contrast re-

sults obtained for the fcc metals near the end of tHeadd Q 001

5d sequences with those near the middle of the same se- S 40-

guences(Mo and W, respectively Although these metals 3

have a ground state bcc structure, our calculations were car- 8.01 -

ried out for fcc at the equilibrium lattice constant for this 12.0 | a

structure. In the bulk the contributions are independent of 6o

the particular NN, and the results shown are further summed
over all states with a commors,p, or d label (e.g.,

011

001

111

PP— PPt PuPy+ Pub2+ PyPy+ PyP+ PP, €tc). In this figure FIG. 10. The interlayer separations of the top two layers for the

thess sp, pp, anddd effective bond energies are shown. The low-index faces of Pd as predicted by different methods and experi-
mental measurements.

—B—NRL-TB
Ni ® DFT
---A---EAM
---#---MEAM
8.0 4 A EXP —&—NRLTB
’ e DET Au
---A---EAM
4.0 4 - -@---MEAM
0.0 801
& 4.0
_g -4.0
b/ 004
.07 A 2 40
L] =
-12.0 - S 80
S 80
T80T oy 001 111 1207
) ] -16.0 .
FIG. 8. The interlayer separations of the top two layers for the 5
-20.0 -

low-index faces of Ni as predicted by different methods and experi-
mental measurements. The experime(@all) and(111) points are
RBS measuremeni®Ref. 43, and the(011) point is LEED (Ref.
33).

011

001

FIG. 11. The interlayer separations of the
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—@—NRLTB Ir
Ni(011 ® DFT
( ) - -A---EAM 8.0 -
...¢.--MEAM
5.0 - A EXP 4.0
2.0 4 - 0.0 4
®
—_ = 404 —m— NRL-TB (001)
°\o -1.0 A '%
z 8.0 J e DFT(001)
< -4.0 4 —8— NRL-TB (011)
-12.0 + o DFT(011)
-7.0 A
-16.0 - 12 23 34
-10.0 - 12 23 34

FIG. 14. The interlayer separations of the top four layers of Ir

FIG. 12. The interlayer separations of the top four layers of Ni(001) and Ir(011) as predicted by the NRL-TB method and DFT.
(011) as predicted by different methods and experimental meas-
urements. top layer is occupied, but otherwise, there is no loss of sym-

I . metry with the substrate.

other contributions can be significant, but do not sharply pq controversy regards the “driving force” of the recon-
vary frqm metal to m_etal. . structions. Surface stregar “surface stress relief)’is often

In Fig. 16 we notice that the attraction of thiel bond o oked as these metals have large tensile surface stress
strengths decreases greatly.from Fhe middle ofttséells to .compared to, say, their lated4ounterparts, and there is a
the end, even becoming antibonding for Pd, Pt, and Au. Thig, 5 e energy reduction associated with the work of tensile
is the expected behavior dfstates across the second halvessurface stress when surface density incre&%%s8An al-
of the d shells as bonding and then antibonding states arg, .4t explanation, at least f@01) and (011) reconstruc-
successively filled®>®? The ssandspterms have a tendency tions, is the lower surface energy of thil1) face, because
to increase in attraction across ttiahells(except forsp for of higher coordination, than th@01) and(011) faces. In this
Au), and increasingly are responsible for the binding of thepicture the(001) Surfac'e will take on th€l11)-like quasihex-
crystal as thal waves lose their attraction. This, again is thea onal reconstruction if thel11)—001) surface energy re-
expepted be'havio'r demonst.rating the reasonable angular 2@fiction more than offsets the gain due to loss of registry with
bonding-antibonding behavior of the TB method at least inpe gypstrate. O11) the missing row reconstruction can be
the bulk. . . L approximated as faceting intd11) faces, and if the surface

One of the more mterest_mg and contro_verS|aI issues fo[anergy loss by exposing.11) faces can offset the gain from
fcc metal surfaces is the origin of the low-index surface reyne jhcreased area of exposed surface, this reconstruction
constructions for the lateddmetals Ir, Pt, and Au. All three o o155 (Relaxation also plays a role herén Tables
low-index faces reconstruct at low to room temperature fof,_\/; both the TB and DET predict that these surface energy
the latter two, while the011) and(001) faces reconstruct for igtarences are considerably larger for thretals Ir and Pt
Ir. The (001 reconstructions are “quasihexagonal” where thethan they are for & Rh and Pd(These surface energy dif-
surface layer takes on a structure very similar a¥) face.  tarences are very slightly higher for Rh than for Au.
BOt.h the(111) a”d(QOD reconstructions are characterized by Both explanations of the driving force for reconstruction
an increased density of surface atoms, with a l0ss of Symmey, e surface energy losses by the increased density of
try with the underlying substrate, whereas (881 recon- g rtace atoms. It is a general feature of covalent bonding that
struction is normally a X1 “missing row” reconstruction s ponds strengthen in low coordination environments such
where only every othef110] nearest neighbor row on the as the surface. A strengthening of the surface bonds will lead
to more tensile surface stress and to a greater loss of surface

Au(011) —®—NRLTB
[ ] DFT
8.0 Pt(011)
1 9.0 8.
4.0 - 6.0 - ',7. .
0.0 4 3.0 A )
= 0.0
g+ & 30+
T 80 3 504
< -% 6.0 —@—NRLTB
-12.0 -9.0 4 K ® DFT-LDA
R -12.0 o 7 ---A---EAM
-16.0 0 .. -@---MEAM
. -15.0 1 o;." © DFT-GGA
-20.0 - 12 23 34 -18.0 A z
12 23 34

FIG. 13. The interlayer separations of the top four layers of Au
(011) as predicted by different methods. The EAM results are from  FIG. 15. The interlayer separations of the top four layers of Pt
Ref. 47. (011) as predicted by different methods.

125419-11



HAFTEL, BERNSTEIN, MEHL, AND PAPACONSTANTOPOULOS PHYSICAL REVIEW BO, 125419(2004

TABLE VII. (011) 2X 1 missing-row relaxation parameters and reconstruction energy as calculated by the NRL-TB, other methods, and
experimental measurements.

Metal NRL-TB DFT EAM MEAM Expt.
Ir (012)

Ady, (%) -11.5 -8.4 -32.0p
Adys (%) -6.8 -3.3

Adgy (%) 5.5 2.1

bs(A) 0.292 0.105

po(A) -0.019 -0.028 -0.022
pa(R) -0.031

eI/ P) 0.02 -0.05 -0.05 0.13 <0
Pt (011)

Ady, (%) -14.3 -16 -17.6 -23.2 -17.4¢ -16+3
Adyg (%) 2.4 0 -5.1 -2.6 1.1 4+3
Adgy (%) 1.0 2 -0.7

bs(A) 0.21 0.27 0.11 0.29 0.17 0.10
po(A) -0.12 -0.06 -0.05 -0.12 -0.10

p4(A) -0.11 -0.14 0.08 -0.10

Yr(J/MP) -0.12 -0.14 -0.05 -0.48 <0

Au (011

Ady, (%) -23.0 -17.9 -9.(F -16.7 -20.2' -22.2
Adyg (%) 5.0 3.4 -7.1 -6.6 1.8

Adgy (%) 0.4 2.0

bs(R) 0.34 0.25 0.12 0.23 0.24

po(A) -0.13 -0.08 -0.08 -0.02 -0.14 -0.10
pa(A) -0.14 -0.10 -0.10

YA/ P -0.16 -0.08 -0.04 -0.01m] -0.05 <0

3 DA, smooth, norm-conserving pseudopotentid@ef. 55.
bLow-energy ion scatterind_EIS) (Ref. 41).
°MEAM (Ref. 15.

IMEAM of Ref. 50 calculated in Ref. 15.

®GGA, USP(Ref. 58

fEAM (Ref. 48.

IMEAM (Ref. 5J).

PLEED (Ref. 40.

iMedium-energy ion scatterindVEIS) (Ref. 42.
ILDA (Ref. 60.

kSurface embedded atom meth@EAM) (Ref. 14.
IX-ray diffraction (XRD) (Ref. 44.

MExtended embedded atom meth@&Ef. 69.

energy of the(111) surface relative to those @D01) and plane strengthenings are greater for the ladentetals than
(011) due to the greater density of surface bonds on thidor the late 41, and thessandspin-plane strengthenings are
surface, which tends toward favoring the reconstructedlso greater for thedbmetals. Thus the systematics of the TB
surface$? Figure 17 displays the difference between the un-method account for the greater propensity for the late 5
relaxed(001) surface bond strengths and those in the bulkmetals to reconstruct. The role of the loss of the antibonding
(Relaxation alters these results very liftl@éhese differences characteristic ofd waves at the surface of lated4and H

are distinguished between intralay@n-plane bonds[Fig.  metals in reconstruction has been suggested in previous
17(a)] and interlayer(between layers 1 and) donds[Fig.  works>>®These investigators also attribute the reconstruc-
17(b)]. In Fig. 17 thedd contributions account for most of tion of the 5 metals to a relativistic contraction of the
the element-to-element variation in the out-of-plane and in{hybridized sp orbitals, leading to a greater conversion of
plane bond strengthening. While thiel bonds strengthen the antibondingl orbitals to bondingsp at the surface. With
both in-plane and out-of-plane bonds in the middle of dhe the exception of Au, thedmetals exhibit strongesp attrac-
sequences, near the end of the sequences they strengthen tibae even in the bulfFig. 17a)]. Thess sp, anddd terms all
in-plane bonds but weaken the out-of-plane bonds. The ineontribute to the strengthening of thel intralayer bonds
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Bulk expansio®®3’in Pd and Rh. However, no full TB or semi-
Ni Mo Rh Pd W I Pt Au empirical modelk>4"=*nor any DFT calculatiof®>* pre-

0.10 7 dicts an actual interlayer expansion. Te@nd p contribu-
_ 0.057 tions here more than compensate for increase in interlayer
3 000 repulsion due tod-states, and perhaps these contributions
5'8'38: should not be so attractive. In Au, where the TB method
e - predicts a(00)) interlayer expansion, perhaps tBeand p
& -0.15 7 . :

B .0.20 - contnbuppns should be Iess. repulswe. Nevertheless, our de-
§ 0.25 - composition of the TB contributions to the bulk and surface
0.30 4 bond strengths points to a realistic behavior acrossdhe

035 - sequences and also in the differences betwedrard S

metals. These account for most of the surface energy, surface
FIG. 16. Thess sp, pp, anddd contributions to the effective reconstruction, and surface relaxation trends observed in
bond energies for the fcc structures of various metals in the bulkthese metals.
Here Ni is a 8 metal, whereas the sequence Mo, Rh, and Pd rep-
resents increasing filling of theddshell, and W, Pt, and Au succes-
sive filling of the 5l shell. V. SUMMARY AND CONCLUSIONS

compared to d. (In Au, pd gives a substantial contribution We have carried out an extensive survey of the surface

: oroperties for the six fcc metals Ni, Rh, Pd, Ir, Pt, and Au
Eic;:]hgfbigngus;;;ir;%thenlng to help account for the reconstrucﬁsing the TB method. In so doing we have tested the trans-

Another interesting feature of Fig. 17 is that, unlike thel‘erablhty of the NRL-TB method to the surface environment

case for in-plane bonds, titewaves weaken the out-of-plane and its performanceis a visother semiempirical methods in
bonds late in the elanéj 5 sequencedFig. 17(b)]. This comparison to DFT and experimental measurements. We

feature has been cited previously as a possibl@ave ex_amined the surface energies_ and interlayer relax-
explanatioA*? of the experimental (001) interlayer ations with regards to trends among different metals, tre_nds
among the different low index faces, and the relaxation
Intralayer - Bulk trends for interlayer distances as one proceeds deeper below
the surface.

No Moo BnoPdWo Pt A Generally, the TB predicts surface energies reasonably

010 7 close to DFT results, with a tendency to err on the high side
PP rather than on the low side as for the other semiempirical
s 0.05 1 N methods. The surface energies tend to be closer to DFT when
2 thed shell is more completely filled, and better fad Betals
§ 0.00 than 3 or 4d. The TB reproduces the metal-to-metal and
2 face-to-face orderings of the surface energies found in DFT
L.'; -0.05 1 \ ‘ \ R SS significantly better than the other semiempirical methods.
5 ‘\ ./ ‘\ /dd The tendency in DFT for the surface energy to decrease as
0 .10 - ' v thed shells become more filled, or as one proceeds from the
(011) to (00Y) to (111) face, is reproduced in TB predictions.
@ -0.15 We attribute the realistic metal-to-metal and face-to-face re-
sults of the TB method to the realistic treatment of the angu-
Interlayer - Bulk lar and quantum-mechanical degrees of freedom in the TB
N Mo Rh Pd W F Pt Au formalism. _ _
0.03 - As in many past TB studies, the self-consistent treatment
rg‘i\ of charge transfer to the surface is essential. Without it, the
0.02 1 N TB method often predicts far too much interlayer expansion.
S 001 - Generally, the TB method gives somewhat better surface re-
> laxations than the other semiempirical methods when com-
g 0.00 pared to DFT or experiment. However, the improvement
40,01 over these methods is not great for individual geometric
§ 002 structural quantities. For any given interlayer relaxation the
a - TB method may or may not do better than the EAM or
-0.03 A MEAM, but the metal-to-metal and face-to-face trends are
(b) -0.04 J well predicted by the TB method.

The TB method predicts the increased interlayer repulsion
FIG. 17. Thess sp, pp, anddd contributions to the differences With d-shell filling, seen in both DFT calculations and
between the surface intralay@ and interlayer(b) effective bond ~ experimental measurementfiHowever, all methods and
energies and those in the bulk for the fcc structures of the metals iPFT fail to predict the interlayer expansion experiment-
Fig. 16. ally observed for R{001) and Pd001)]. All methods
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give reasonable face-to-face variations, typically with In conclusion, we have demonstrated for these fcc metals
Ad;5(011) <Ad;5(001) <Ad;5(111),which is true of the DFT  a good degree of transferability of the NRL-TB method to

results and experimeriexcept for Rh and RA01)]. In this  the surface environment. We have done this without includ-
respect TB gives variations very close to DFT for nearlying any surface data in the fitting scheme. We are currently

the TB method in describing the metal-to-metal and face-topqyiding further tests of the method in the surface environ-
face trends to its description of angular forces and bonding

antibonding features. ment, such as examining the more complicatgtll) and

The TB method also gives good results when compared tSOOl) reconstructions and surface stress trends.
DFT and to experiment for relaxations of deeper layers down
to Ads;,. One notable exception is Bill) (1x1). The
NRL-TB method, however, gives very good agreement with ACKNOWLEDGMENTS
DFT and experimental measurements for the in-plane and
interlayer relaxations of the stable reconstructed missing-row Funding for this work was provided by the Office of Na-
reconstructions of Ir, Pt, and A@®11). Its only failing is to  val Research. Codes developed under the CHSSI program of
predict that the K1 phase of 1011 is stable (by the DOD High Performance Computation Modernization

0.01 J/nf) over the 2< 1 MR structure. Project have been utilized.
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